We report a simple method for the isolation of the measles virus glycoproteins, and their subsequent incorporation into artificial lipid bilayers. The two viral glycoprotins, HA and F, were isolated in preparative amounts from disrupted purified virus by lentil lectin affinity chromatography. The proteins were reconstituted into single bilayer lipid vesicles by: (i) exchanging the non-dialysable detergent Nonidet P40 (NP40) for a dialysable one, octylglucoside, while the proteins were immobilized on the lectin column and (ii) co-dialysis of the eluted glycoproteins in octylglucoside with phosphatidylcholine. The resultant 'virosomes' had visible 'spikes' and possessed haemagglutinating activity. These measles virosomes should provide a useful reagent for studying immune responses to measles virus, independent of the immunosuppressive effects of the whole virus.
INTRODUCTION
Measles virus is of interest as a pathogen because of its known association with one progressive neurological disease, subacute sclerosing panencephalitis (SSPE), and possible association with another, multiple sclerosis. It has been suggested that aberrant immune responses to the virus may play a causative role in the pathogenesis of both these conditions (Morgan & Rapp, 1977; Norrby, 1978; ter Meulen & Hall, 1978) .
Measles is an enveloped virus which matures from the surface of infected cells by budding. The membranes of infected cells and virions express two glycopeptides, the haemagglutinin (HA) and fusion (F) proteins (Graves et al., 1978; Fujinami et al., 1980) . Immune elimination of infected cells and intact virions depends on recognition of these antigens. It is known that measles-infected cells activate the alternative complement pathway , and are lysed in the presence of divalent antibody and complement (Perrin et al., 1976; Sissons et al., 1979) . Cells infected with measles virus can certainly be lysed by antibody and lymphocytes bearing Fc receptors (ADCC) (Perrin et al., 1977) , by natural killer cells (Ault & Weiner, 1979) and possibly by cytotoxic T lymphocytes (Kreth et al., 1979; Wright & Levy, 1979) .
One particular problem in studying immunological mechanisms directed against measles virus is that the virus itself can exert immunosuppressive effects by infecting lymphocytes and abrogating a number of their effector functions (Lucas et al., 1978) . This property may explain the difficulty, for instance, in inducing virus-specific cytotoxic T cells by secondary in vitro stimulation.
Hence, a better understanding of the molecular mechanisms of immune elimination of measles virus-infected cells could be gained through the availability of purified measles virus glycoproteins either in the fluid phase or integrated into lipid-bilayer membranes.
Here we describe a method for isolating highly purified measles virus glycoproteins in amounts suitable for use in biological assays. The purified measles glycoproteins can be recovered in the presence of a fully dialysable detergent, octyl-fl-D-glucopyranoside. This allows the isolated glycoproteins to be reconstituted into artificial lipid membranes by a simple dialysis method. The 'virosomes' obtained by this procedure consist of a single phospholipid bilayer with externally projecting spikes.
METHODS
Virus. Wild Edmonston strain measles virus, obtained from the American Type Culture Collection, Rockville, Md., U.S.A., was plaque purified and then passed at a multiplicity of infection (m.o.i.) of 0.05 first in HeLa and then in Vero cells. Culture fluids and cells were briefly sonicated and clarified by centrifugation at 700 g for 20 min. Virus was frozen at -70 °C in 1 ml amounts until use. Pooled virus, once thawed, had a titre of 8 x 107 p.f.u./ml when plaqued on BSC-1 cells. The growth and use of Vero and BSC-1 cells have been previously described (Fujinami et al., 1980) .
Growth of virus. HeLa cells were grown as a monolayer in T-175 Corning flasks (Corning, N.Y., U.S.A.) with Eagle's minimum essential medium (MEM) supplemented with 10% heat-inactivated foetal calf serum (FCS) (Flow Laboratories), 1% glutamine and antibiotics at 37 °C in 5 % CO z. After trypsinization, the HeLa cells were infected with measles virus at an m.o.i, of 1 on a rotator for I h at 37 °C, and then maintained in suspension cultures. After 24 h, cell suspensions were centrifuged at 600 g for 15 rain and the supernatant stored at -70 ° C. The pelleted cells were diluted in the original volume of medium and again cultured at 37 °C in suspension. After a further 24 h, the cell suspension was again centrifuged and the supernatant stored at -70 °C. After 48 h culture, infected cells were still more than 95% viable as judged by exclusion oftrypan blue.
To label virus, infected HeLa cells were incubated for two 24 h periods in leucine-free Dulbecco's modified MEM containing 10% dialysed FCS, 2% L-glutamine and 6.25 #Ci/ml 3H-leucine (Amersham Corporation, Arlington Heights, II1., U.S.A.).
Purification of measles virus. Supernatant medium from infected HeLa cells was cleared by centrifugation at 800 g for 20 min. Virus was then pelleted by centrifugation at 100000 g and 4 °C for 60 min in an L5-65 Beckman centrifuge with a type 35 rotor. The pelleted virus was resuspended in a minimum vol. of 0.01 M-tris, 0.15 M-NaC1, 0.001 M-EDTA (TNE) buffer pH 7.4 and applied to a 20 to 60% discontinuous sucrose density gradient in an SW50.1 rotor. After centrifugation at 45 000 rev/min for 45 min, the material at the 20 to 60% interface was recovered, diluted in TNE buffer, applied to another 20 to 60% discontinuous gradient and again centrifuged under similar conditions. Virus recovered at the interface was pelleted at 100000 g for 1 h following its dilution in cold TNE buffer.
Purification of measles virus glycoproteins. Purified 3H-labelled virus was solubilized in 0.01 M-tris-HCl, 0-15 M-NaCI buffer pH 8 (tris-NaCl buffer) containing 2% Nonidet P40 (NP40; BDH) and applied to a 1.5 x 5 cm column of agarose beads bearing covalently linked Lens culinaris agglutinin (LCH gel: E.Y. Laboratories, San Mateo, Calif., U.S.A.). The column was pre-washed with 50 ml tris-NaC1 buffer containing 2% NP40 followed by a further 100 ml tris-NaC1 buffer containing 0.1% NP40. After the adsorption of applied material, the column was washed with tris-NaCl buffer containing 0.1% NP40 and 1.75 ml fractions were collected. After disappearance of radioactivity from the eluate, tris-NaC1 buffer containing 0.1% NP40 was substituted with tris-NaC1 buffer containing 30 mM-octyl-#-D-glucopyranoside (octylglucoside; Calbiochem) or 2% sodium cholate. After washing with 2 column vol. of this buffer, the bound 3H-glycoproteins were eluted by application of tris-NaC1 buffer containing 30 mM-octylglucoside (or 2 % sodium cholate) and 0.1 M-a-methyl mannoside.
SDS-polyacrylamide gel eleetrophoresis (SDS-PAGE)
. This was performed as described by Laemmli (1970) . For application to the 10.5 % SDS slab gels, samples were concentrated, freed from detergent by precipitation with 10% trichloroacetic acid (TCA) and washed with acetone before being diluted in sample buffer containing 2 % SDS. After running, gels were stained with Coomassie brilliant blue and destained in 10b~ acetic acid and 25 % methanol. For autoradiography, gels were soaked in 'EnHance' (New England Nuclear) and the dried gels were exposed to Kodak XRP-1 film for autoradiography.
Ultracentrifugation studies. Both sedimentation and floatation studies were carried out in a Spinco L5-65 ultracentrifuge using cellulose acetate tubes. After centrifugation, the tube was pierced at the bottom and fractions collected. Twenty ~1 amounts were removed from the collection fraction, transferred into scintillation vials, mixed with 20 ml Scintiverse (Fisher Scientific, Fairlawn, N.J., U.S.A.) and radioactivity determined in a two-channel scintillation counter. The gradient profiles were plotted by a Hewlett-Packard HP 985A computer.
Preparation of virosomes. A 1 ml amount of chloroform-methanol (2 : 1) containing egg yolk phosphatidylcholine (EYPC) (Sigma) was gently evaporated to dryness with a nitrogen stream in a glass tube. For studies where labelled phospholipid was needed, a trace of 14C-EYPC (Amersham Corporation) was added to the mixture. After solubilization in 2 ml ether, the phospholipids were again evaporated to dryness by a nitrogen stream and then gently solubilized in 5 ml 0.03 ~a-octylglucoside (or 2% sodium cholate), 0.1 M-a-methyl mannoside, tris-NaC1 buffer containing the purified measles virus glycoproteins. The mixture was then dialysed against 2 1 tris-NaC1 buffer for 48 h with at least four changes. The resultant material was concentrated by surrounding the dialysis bag with Bio-Gel P-200 beads (50 to 100 mesh; Bio-Rad Laboratories). For determination of the dialysis rate of octyl glucoside, traces of 14C-octyl-fl-D-glucoside (Research Products International, Elk Grove Village, Ill., U.S.A.) were added to the glycoprotein sample.
Haemagglutinating activity. The haemagglutinating activity of the glycoproteins, either in soluble form or presented on membranes, was assessed in U-bottomed microtitre plates (Cooke Laboratories, Alexandria, Va., U.S.A.) using erythrocytes from Macaea speciosa (Scripps Research Foundation vivarium) . Serial dilutions of the sample in tris-HCI buffer were added to 50/A 0.5 % erythrocytes, and the results were read after overnight incubation at4 °C.
Electron microscope studies. Samples were studied by a negative-staining procedure. Then, 400 mesh parlodion and carbon-coated grids were pre-wetted with bacitracin (1 mg/ml). Six ~tl of sample was then applied for 5 s. After removing excess liquid by absorption with the edge of filter paper, 6/~t 1% phosphotungstic acid was applied to the grids for 15 s. Electron microscopy was then performed using either a Hitachi 12A or JEOL microscope.
RESULTS

Purification of measles virus glycoproteins
Measles virus glycoproteins were isolated following application of a purified measles virus preparation to the lentil lectin column. A virus sample containing 5 mg protein was disrupted in 8 ml tris-NaC1 buffer containing 2% NP40. After centrifugation at 3000 g for 20 min, the virus preparation was applied to a column containing 8 ml packed lentil lectin-agarose beads. The mixture was allowed to recirculate for 2 h through the column in the presence of 2 % NP40. All non-bound material was removed by washing the column with tris-NaC1 buffer containing 0-1% NP40. The non-bound fraction accounted for approx. 50% of the whole counts applied to the column (Fig. 1 ). This was a consistent observation in repeated experiments. When 30 mM-octyl glucoside was substituted for NP40, only a small amount of radioactivity was released from the column. Following application of 16 ml tris-NaC1 buffer containing 30 mM-octylglucoside and 0. I M-a-methyl mannoside, the bound glycoproteins were recovered. The radioactivity eluted accounted for 19%, corresponding to 0.9 mg protein, of the whole radioactivity applied to the column. Similar recovery rates were observed in over 20 repeated experiments.
Characterization of purified material SDS-PAGE analysis of the eluted fraction under non-reducing conditions showed two bands with a migration distance from the origin corresponding to 150K and 55K (Fig. 2, lane  3) . These characteristics are consistent with the known properties of HA and F glycoproteins respectively. Under reducing conditions, two major bands are present with a migration position corresponding to 80K and 45K, representing the monomeric form of HA and the larger cleavage product of F, F1 (Fig. 2, lane 6) . The faint band with a mobility corresponding to 20K is probably the smaller cleavage fragment of F, F2.
The fraction that failed to bind to the lentil lectin column contained P protein, nucleocapsid (NC), M protein and some HA and F glycoproteins (Fig. 2, lane 1 and 4) . Neither M protein nor P protein were seen under non-reducing conditions, suggesting they were aggregated at the top of the gel.
The sedimentation properties of the purified glycoproteins were studied by sucrose density-gradient ultracentrification. Measles virus glycoproteins in tris-NaC1 buffer containing 30 mM-octylglucoside were fractionated on 10 to 40% sucrose density gradients containing 2% sodium cholate (tris buffer, 1 M-NaC1 pH 8) using an SW60 rotor at 370000 g for 18 h at 8 °C. Under the conditions used for the experiment, only a 9S peak was present, indicating that purified HA and F glycoproteins were not resolved (Fig. 3) .
Preparation of vesicles containing measles virus glycoproteins
The pooled elution peak from the lentil lectin column, containing the glycoproteins in tris-NaC1 buffer, 30 mM-octylglucoside, 0.1 r~-a-methyl mannoside, was added directly to nitrogen-dried EYPC (see Methods). In a typical preparation 290 pg 3H-glycoprotein in 3 ml detergent buffer were mixed with 100/~g EYPC, containing a trace amount of ~4C-EYPC. The mixture was then dialysed against 2 1 tris-NaCl buffer for at least 36 h at 4 °C with four changes of dialysis buffer to fully remove the detergent. Under these conditions, about 20% of the radioactive material was lost, probably by adherence to the dialysis bag. The same procedure was followed to prepare vesicles with glycoproteins in 2 % sodium cholate.
The ~t-methyl mannoside was not removed from the detergent-glycoprotein preparation before addition to dried EYPC since preliminary experiments showed that 0.1 M a-methyl mannoside did not interfere with phospholipid solubilization or with vesicle formation. Under the conditions of dialysis used, octylglucoside was completely removed as assessed in separate experiments by disappearance of 14C-octyl-fl-D-glucopyranoside. The disappearance rate of 14C-octyl-fl-D-glucopyranoside was: after the first dialysis, 80% loss; second dialysis, 17 %; third dialysis, ~3 %; fourth dialysis, no trace of radioactivity.
Characterization of measles virosomes
The physical characteristics of virosomes obtained using either octyl glucoside or sodium cholate were investigated by floatation gradients. Virosomes were reconstituted using 14C-lipids and 3H-glycoproteins. In addition, 14C-EYPC 'naked' vesicles made without viral glycoproteins and 3H-glycoproteins alone were studied concurrently. These four reagents were independently incorporated into discontinuous sucrose gradients in tris-NaCl buffer pH 8. One-and two-tenths ml of 40 % sucrose containing either virosomes, vesicles or soluble glycoproteins were overlaid on 0.8 ml 60% sucrose. The gradients were then completed by sequential overlaying of 1.2 ml 30% and 1.2 ml 10% sucrose. The samples were centrifuged at 38000 rev/min for 18 h at 8 °C, using an SW60 rotor.
After centrifugation, ~4C-EYPC and aH-glycoproteins dialysed together moved to the upper third of the gradient (Fig. 4 a, b) . The floatation profile of material reconstituted in the presence of octylglucoside and sodium cholate was similar. In contrast, ultracentrifugation analysis of 14C-EYPC or 3H-glycoproteins separately dialysed, showed different patterns of sedimentation (Fig. 4 c) . All the ~4C-EYPC occurred as low density material floating at the top of the gradient. In other studies, we noted that ~4C-EYPC dialysed alone formed * 100/A of a sample to be tested was serially twofold diluted in tris-NaC1 buffer. After addition of 50/11 0.5% erythrocytes, the plates were incubated overnight at 4 °C and then scored for haemagglutination. (1) Purified measles virus glycoproteins, 150 /lg/ml; (2) and (3) virosomes made by 150 pg/ml glycoproteins and 50 pg/ml lipid; (4) vesicles made by 50/~g/ml lipid. unilamellar vesicles. The ultracentrifugation of 3H-glycoproteins resulted in a spread of material in the lower and middle third of the gradient. Thus, the bulk of membranes reconstituted in the presence of glycoproteins was characterized by a density value higher than that of dialysed 14C-EYPC, naked vesicles, and lower than that of dialysed 3H-glycoproteins, suggesting integration of glycoproteins into phospholipid bilayers.
It was possible to calculate the protein to lipid (P/L) ratio for each fraction collected from the gradient, on the basis of the 3H-glycoproteins and 14C-EYPC-specific activity. The bulk of the octylglucoside 'reconstituted' material, fractions 9 to 18, had a P/L ratio ranging from 2.7 to 0.8. Virosomes with a P/L ratio of 1.3 to 1.0 accounted for most of this population (fractions 13 to 16). The bulk of sodium cholate-reconstituted material had an L/P ratio equivalent to that of octylglucoside virosomes. The 3H-glycoproteins recovered at the bottom of the gradient (fractions 3 to 8 of Fig. 4a, b) represented either very small high-density virosomes, or more likely, non-integrated glycoproteins. This fraction of free material accounted for about 22 % of the whole glycoproteins.
As expected, virosomes found in the lower part of the gradient were characterized by high content of p~otein and the P/L ratio paralleled the value of the density of each virosome population.
Haemagglutinating activity
The virosomes made using octylglucoside gave an eightfold higher haemagglutinating titre than an equivalent amount of the free glycoprotein used in their preparation (see Table 1 ). Lipid vesicles without glycoprotein had no haemagglutinating activity. Virosomes from pools 14 to 19 and 8 to 13 of the ultracentrifugation analysis were equally effective in producing haemagglutination. However, virosomes made using sodium cholate as the detergent were consistently less effective in producing haemagglutination, giving titres no higher than those of free glycoprotein.
Electron microscopy
Electron microscopy of virosomes prepared with oetylglucoside, using concentrated material obtained after removal of detergent, showed almost exclusively unilamellar vesicles (Fig. 5 a) . These vesicles were homogeneous in size, averaging about 50 nm in diam. 'Spikes' were visible external to the lipid bilayer although only the 'knob' portion could be seen without any connecting 'stalk'.
The spikes projected approx. 6 nm from the external aspect of the vesicles. The length of the spikes and the lack of a visible stalk correlated with the appearance of the spikes seen on whole measles virus particles (see Fig. 5 b to d) . Most of the virosomes were smaller than virus particles. Measles virus has two glycopeptides, HA and F. HA is present mainly as a dimer in infected cells and virions. The F protein, as in other paramyxoviruses, is responsible for the cell-fusing activity of the virus and undergoes post-translational cleavage to give two disulphide-linked subunits, F1 and F2 (Graves et aL, 1978; Fujinami et aL, 1980) . However, measles virus is atypical in that all the sugar in F is contained in the smaller F2 subunit.
P. C A S A L I AND O T H E R S
We used agarose-coupled Lens culinaris lectin to isolate the glycopeptides from purified disrupted virus. Lentil lectin has specificity for D-glucose and D-mannose and has thus been widely used for isolating membrane glycoproteins. The purity of the eluted virus glycoproteins is evidently dependent on the starting material being free of contaminating host cell membrane glycoproteins. SDS-PAGE showed that the eluted material consisted of highly purified virus glycoproteins. Under non-reducing conditions, eluted HA and F migrated in the same positions as in the starting material, indicating that the disulphide-linked HA dimer and F subunits remained intact. The ratio of counts in the HA and F were similar in the applied and eluted material, suggesting there was no preferential affinity of the lectin for either HA or F.
A resolution of the two purified glycoproteins by velocity gradient ultracentrifugation was not achieved under the experimental conditions used. More work would be required to ascertain a possible physical association between HA and F glycoproteins. However, at least when expressed on the surface of infected cells, the two glycoproteins are associated as suggested by recent co-capping experiments of Oldstone et aL (1980) .
Although we have found NP40 to be effective in solubilizing whole virus, this detergent has a critical micellar concentration (CMC) of 0.29 mM (Helenius & Simons, 1975) . This CMC is considerably lower than the concentration at which NP40 is conventionally used for membrane solubilization, and means that detergent miceUes will be present making removal of detergent from the glycoproteins by physical methods, such as gel filtration or dialysis, difficult. This is confirmed by the practical experience of other workers (Helenius & Simons, 1975; Helenius et al., 1977; Hsu et al., 1979) . As the glycoproteins were intended for use in biological assays and for incorporation into lipid membranes, the ability to remove detergent was important. We therefore exchanged NP40 for octylglucoside or sodium cholate, as both these latter detergents have a high CMC, 25 mM and 2 to 5 mM respectively, and are easily removed by dialysis. This exchange of detergents was achieved whilst the glycoproteins were immobilized on the affinity column. Although octylglucoside might be expected to compete for sugar binding sites on the lectin, we found that only a negligible amount of protein was eluted by buffer containing 0.03 M-octylglucoside, prior to the application of the a-methyl mannoside.
For reconstitution of the isolated glycoproteins into artificial membranes, we followed a method similar to that described by Helenius and colleagues in their work on the Semliki Forest virus (SFV) glycoproteins (Helenius et al., 1977) , particularly in the selection of octyl glucoside as the detergent. Physical characterization of the vesicles made with radiolabelled lipid and protein, by flotation gradient ultracentrifugation, showed that there were two populations: the high density peak had a higher protein/lipid ratio than the low density peak. The ultracentrifugation profile of co-dialysed lipid and glycoprotein was markedly different from that of either lipid or glycoprotein dialysed alone. The profile of the distribution of ~4C-EYPC paralleled that of 3H-glycoproteins providing further evidence of an association between the two components. Both for octyl glucoside and sodium cholate virosomes, the amount of glycoproteins integrated into membranes exceeded 75% of the total amount offered. P. CASALI AND OTHERS On electron microscopy, the vesicles obtained were almost exclusively composed of a single lipid bilayer. Vesicles formed in the presence of glycoproteins showed knobs external to the bilayer; although no connecting stalk could be seen, this was also the case in measles virions. The measles virus spike protein appeared to project 4 to 10 nm from the membrane. The reconstituted vesicles were considerably smaller (25 to 100 nm diam.) than the original measles virions, which in our and others' experience are relatively large and pleiomorphic.
The glycoprotein-bearing vesicles made in the presence of octylglucoside retained biological activity as shown by their ability to haemagglutinate. We found that when vesicles were reconstituted in the presence of sodium cholate, the haemagglutinating activity was less than that of vesicles made in the presence of octylglucoside, and was not greater than haemagglutination produced by soluble glycoproteins alone.
Our experience with measles virus accords quite closely with that of Helenius et al. (1977) , in reconstituting SFV-containing vesicles. They also found octyl glucoside superior to cholate in preserving biological activity of the glycoprotein. In addition, they also noted that the size of vesicles decreases with increasing protein to lipid ratios, suggesting that packing of the intramembranous glycoproteins may increase membrane curvature. Several papers have described reconstitution of Sendai virus (another paramyxovirus) glycoproteins into lipid vesicles. In a detailed study Hsu et al. (1979) , reconstituted individual HN and F protein, isolated by fetuin-Sepharose chromatography, into phospholipid membranes. They used cholate as the detergent, with satisfactory preservation of biological activity. In both these above studies, exchange of detergents (Trixon X-100 for octylglucoside or cholate) was achieved by ultracentrifugation of the glycoproteins into a gradient containing the final detergent. Exchange of detergents whilst the glycoproteins are immobilized on the affinity column, as described here, seems equally satisfactory and preferable in some respects. It combines purification and detergent exchange in a single step and thus maximizes the final yield of glycoprotein.
Further experiments are needed to determine whether these measles virosomes will fuse spontaneously with normal cells. In this, the function of F protein is likely to be critical as there is considerable evidence to suggest that simple phosphatidylcholine vesicles are unlikely to fuse by themselves (Pagano et aL, 1978) . The current availability of monoclonal antibodies to HA and F affords the opportunity to make virosomes containing either one or both measles virus glycoproteins. Such virosomes and their biological activity are under study in this laboratory (P. Casali, J. G. P. Sissons & M. B. A. Oldstone, unpublished results) .
The availability of measles virosomes should facilitate analysis of the interactions of this virus with complement, lymphocytes and cells. A number of such studies using virosomes, especially relating to the generation of cytotoxic T cells, have been reported with Sendai virus (Finberg et al., 1978) , influenza virus (Koszinowski et al., 1980) , SFV (Morein et al., 1979) and vesicular stomatitis virus (Loh et al., 1979) in murine systems. However, the role of measles virus in human disease, the known immunosuppressive effects of the whole virus on lymphocytes (Joseph et al., 1975) and the ability of measles virus to replicate in B lymphocytes, and various T lymphocyte subsets (Joseph et al., 1975; Huddlestone et al., 1979 Huddlestone et al., , 1980 , will make such analyses in the human situation of particular interest.
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